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ABSTRACT: Cyanohydrin derivatives as enterovirus 71 
(EV71) 3C protease (3C?"°) inhibitors have been synthesized 
and assayed for their biochemical and antiviral activities. 
Compared with the reported inhibitors, cyanohydrins 
(1S,2S,2’S,5S)-16 and (1R,2S,2'S,5S)-16 exhibited signifi- 
cantly improved activity and attractive selectivity profiles 
against other proteases, which were a result of the specific 
interactions between the cyanohydrin moiety and the catalytic 
site of 3C™°. Cyanohydrin as an anchoring group with high 
selectivity and excellent inhibitory activity represents a useful 
choice for cysteine protease inhibitors. 


mM INTRODUCTION 


Cysteine proteases are an important class of enzymes that are 
heavily involved in various human physiological processes.’ 
Functional abnormalities of cysteine proteases may lead to 
human diseases, for instance, inflammatory diseases, neuro- 
degenerative disorders, rheumatoid arthritis, and Alzheimer’s 
disease, among others.” Thus, cysteine proteases are an attractive 
class of targets for drug discovery. Many inhibitors have been 
discovered and developed, for example, belnacasan as a caspase-1 
inhibitor for the treatment of interleukin-1/ converting enzyme- 
related diseases.’ Peptidomimetic approaches have been widely 
adopted in drug discovery targeting cysteine proteases. On the 
basis of the peptide substrate cleavage specificity of the proteases, 
peptidomimetic inhibitors generally share a common structure: 
(1) a modified peptide recognition sequence for specific binding 
to the protease and (2) a C-terminal electrophilic functional 
group for anchoring the active-site cysteine. On the basis of the 
characterization of the binding modes, the inhibitors can be 
broadly divided into the reversibles (e.g., aldehydes, nitriles, a- 
keto amides, etc.) and the irreversibles (e.g., a, f-unsaturated 
esters, disulfides, etc.).' According to the mechanism of the 
interaction, the activity of the inhibitors is proportional to the 
electrophilicity of the reactive group. However, the covalent- 
irreversible modifiers have seen limited use as potential drug 
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(1R, 2S, 2'S, 5S)-9 
The specific interactions between the cyanohydrin 
moiety and the catalytic site of EV71 3CP"°. 


candidates because the strong reactive electrophiles are generally 
accompanied by poor selectivity toward other proteases’ and 
potential toxicity caused by the formation of protein adducts.* 
Therefore, the important issue for cysteine protease inhibitors is 
the development of a highly selective functional group that can 
interact noncovalently with the cysteine residue. Cyanohydrin is 
scarcely re eported as an anchoring group of cysteine protease 
inhibitors,’ and cyanohydrins as human EV71 3C?” inhibitors 
with high selectivity are introduced here. 

Human EV71, one of the major pathogens of hand, foot, and 
mouth disease, has caused several large outbreaks in infants and 
children since 1997, mostly in the Asia-Pacific region. 
Unfortunately, there are currently no antiviral drugs or vaccines 
clinically available. EV71 3C?°, a virus-encoded cysteine 
protease, plays a key role in the process of virus replication. 
The single-stranded, positive-sense RNA genome encodes a large 
polyprotein precursor, which is subsequently cleaved into four 
structural proteins (VP1—VP4) and seven nonstructural proteins 
(2A—3D).° 3C° is indispensable for all EV71 polyprotein 
cleavage processes, with the exception of the cleavages of VP1/ 
2A and 3C/3D by 2A protease.’ Meanwhile, 3C?"° reportedly 
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interferes with host cell function.’ Therefore, the essential role of 
3CP" makes it an attractive target for anti-EV71 drug discovery. 
In this brief article, we introduce cyanohydrin as an anchoring 
group of cysteine protease inhibitors with high selectivity against 
human EV71 3C?". 


M RESULTS AND DISCUSSION 


A literature survey of EV71 3C?° inhibitors revealed that, in 
addition to the good inhibition exhibited by rupintrivir (ICso = 
2.3 + 0.5 uM)" derivative 1° (ICs < 0.5 WM, ECs = 0.096 + 
0.006 uM) with aldehyde as an electrophile (Figure 1) possessed 
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Figure 1. Structures of rupintrivir, 1 and 6. 


even better activity. The crystal structure of EV71 3CP™°*° and the 
co-crystal structure of rupintrivir/EV71 3CP"°S11 revealed that, in 
the (S)-y-lactam fragment, the carbonyl moiety forms a hydrogen 
bond with the imidazole segment of His161 and the amide 
nitrogen donates a hydrogen bond to the Thr142 backbone. Our 
research was initiated based on the hypothesis that the 
replacement of the (S)-y-lactam ring by a (S)-6-lactam ring 
could improve the potency against EV71 3C?™. As shown in 
Figure 2, the (S)-6-lactam ring displayed shorter hydrogen bond 


Figure 2. Comparison between the docking models of 1 (yellow) and 6 
(green) bound to EV71 3C?”. 


distances and more preferable orientation than the (S)-y-lactam 
ring when being docked into EV71 3C?"°. To validate our 
hypothesis, aldehyde 6 with a (S)-6-lactam ring was synthesized 
together with aldehyde 1 as a reference (Scheme 2). The key 
intermediate 2 was prepared similarly to literature, and the 
stereochemistry and high diastereoselectivity were consistent 
with publications (see Scheme 1, Figure 1, and Part Q in 
Supporting Information (SI)).”'* Remo of the Boc group of 2 
with TFA followed by an amide bond formation using EDCI as 
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Scheme 1. Representative Synthetic Scheme of Daa 6 
oN 
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coupling reagent resulted in 3, which was subsequently reacted 
with cinnamic acid to give 4 through a similar procedure. Alcohol 
5, obtained by the reduction of ester 4 with NaBH, was finally 
oxidized to aldehyde 6 with Dess—Martin periodinane. The 
biological activities (Table 1) indicated that 6 (ICs = 0.54 + 0.02 
LM, ECs = 0.26 + 0.07 uM) presented approximately 7—10-fold 


Table 1. Enzyme Inhibitory Activity, Antiviral Activity, and 
Cytotoxicity of 1, 5, 6, and 8—16 as EV71 3CP™ Inhibitors 
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ICs”! ECso" CCs0° 
NO. 
(uM) (uM) (uM) 
1 -- 3.81 +0.19 3.07 + 0.20 >100 
R4 H 
6 y 0.54 + 0.02 0.26 + 0.07 >100 
8 Rı-CN >10 >100 >100 
ie) 
11 Ri Ayar 9.49 +1.11 4.59 +0.27 >100 
fe) H 
R CN 
9 me 1.13 + 0.10 0.12 + 0.05 >100 
5 Ri. OH >10 >100 >100 
14 Ri. CN >10 28.40 + 1.33 >100 
(8) 
10 Ri Ty Cah >10 >100 >100 
OH A 
Ry CN 
12 O Op 1.05 + 0.09 0.15 + 0.08 >100 
S 
Ri CN 
Dik 
13 Oy 1.62 +0.13 0.10 + 0.06 >100 
O 
R? H 
15 ae 0.10 + 0.02 0.11 + 0.05 >100 
(©) 
Ro. CN 
16 DA 0.28 + 0.03 0.056 + 0.004 >100 
OH 
(1S, 2S, Rox CN 
0.31 + 0.03 0.045 + 0.008 100 
X'S, 5S)-16 pf j 
(1R, 2S, Ro CN 
: 0.27 + 0.05 0.048 + 0.006 >100 
XS, 5S)-16 OH 


“The pH condition of biochemical assay for the inhibitors was 7.0 
except (1S,2S,2’S,5S)-16 and (1R,2S,2’S,5S)-16 was 6.0. "Each data 
presents the average results from three independent experiments, and 
error bars represent SEMs (n = 3). 
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better activities than 1 (ICs) = 3.81 + 0.19 uM, ECs = 3.07 + 
0.20 uM) in both the protease and cellular assays. The observed 
ICs and EC, values for 1 were different from the previously 
reported values” because of the use of different enzyme 
biochemical assays’ and cell-based EV71 assays.'* Additionally, 
the cellular activity is more potent than that of enzymatic activity, 
which is consistent with the observations in the published 
literatures about 3C and 3C-like protease inhibitors.” The 
enhanced efficacy and low toxicity of 6 (CCo > 100 uM) 
directed our attention to the (S)-6-lactam ring analogues. 
Despite the significant improvement in biological activities, 6 
as an aldehyde inhibitor may lead to various issues, such as low 
selectivity, '° in further development. Therefore, we shifted our 
efforts to replace aldehyde with other anchoring functional 
groups. Nitriles are well-established cysteine protease inhib- 
itors,'’ and a-keto amides possess good inhibition to calpain, 
which is a calcium-activated cysteine protease. A series of 
compounds were synthesized (Scheme 2). The intermediate 


Scheme 2. Synthetic Scheme of 8—14 
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carboxylic acid was reacted with carbonyldiimidazole after the 
saponification of ester 4 with aqueous lithium hydroxide, and 
then the resulting imidazolide was quenched in situ with aqueous 
NH; to provide amide 7. Amide 7 was converted to nitrile 8 by 
(CF,;CO),O-mediated dehydration.'” Reaction of aldehyde 6 
with KCN and NaHSO, afforded the corresponding cyanohy- 
drin 9. Cyanohydrin 9 was then converted to the methyl ester 
with hydrochloric acid gas and ethyl acetate.’ Then the 
carboxylic acid, derived from the hydrolysis of the intermediate 
methyl ester, coupled with amine to provide 10. a-Keto amide 11 
was the oxidative products of 10. 14 was achieved in a two-step 
process via the reduction of the corresponding thionocarbonate 
ester derivative of 9.”” Ester 12 was the methyl ester derivative of 
9. The biological results showed that, nitrile 8 surprisingly 
exhibited no inhibitory activities (ICs > 10 uM and EC; > 100 
uM) (Table 1). In addition, the anti-EV71 activities of a-keto 
amide 11 (ICs) = 9.49 + 1.11 uM, ECs = 4.59 + 0.27 uM) 
presented greater than 10-fold activity loss compared to 6. The 
further study of nitriles and a-keto amides was terminated due to 
the unsatisfactory biological activities. 

To our surprise, compared to aldehyde 6, cyanohydrin 9, the 
synthetic precursor of a-keto amides, presented a relatively weak 
enzyme inhibitory activity (ICsy = 1.13 + 0.1 uM) but greater 
than 2-fold enhancement in cellular activity with an EC, of 0.12 
+ 0.05 uM. To rapidly obtain more knowledge regarding the 
cyanohydrin group, we focused on the modifications of both 
—CN and —OH in the cyanohydrin group based on the epimeric 
mixture of cyanohydrins 9. With the removal of -CN or —OH, 
the inhibitors exhibited a dramatic loss in efficacy against 3C?”, 
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indicating that both —CN and —OH play critical roles in activity. 
The virus replication in virus-infected RD cells was attenuated by 
the treatment of 14 with an EC. of 28.40 + 1.33 uM, whereas 5 
provided no inhibition, even at the highest concentration tested 
(ECs > 100 uM). It was hypothesized that the nitrile group and 
the a-carbon in cyanohydrin contributed synergistically to the 
activity. Hence, further studies on -CN/—OH were performed. 
Following the replacement of —CN with an amide group, a- 
hydroxy amide 10 exhibited no activity against EV71 at the 
highest concentration tested (IC; > 10 uM, ECs > 100 uM). 
Moreover, with the esterification of —OH by a phenoxythio- 
carbonyl or acetyl group, derivatized cyanohydrins 12 (ICso = 
1.05 + 0.09 WM, EC; = 0.15 + 0.08 uM) and 13 (ICs = 1.62 + 
0.13 uM, EC; = 0.10 + 0.06 uM) presented nearly identical 
efficacy as 9 against 3C? and EV71 viral replication. These 
findings suggested that the presence of the —CN group and the 
electrophilicity of the a-carbon play important roles in the 
process of cyanohydrin binding to EV71 3C?”. 

In parallel to the structure—activity relationship study, the X- 
ray crystal structure study resulted in elucidation of the cocrystal 
structure of (1R, 2S, 2’S, 5S)-9/EV71 3C?"°, which was 
determined at a 2.7 A resolution during the crystallization 
experiment of the epimeric mixture of cyanohydrins 9 with EV71 
3CP™ (Protein Data Bank code SBPE). The binding mode is 
presented in Figure 3 with the electrostatic potential mapped on 


Figure 3. (A) X-ray co-crystal structure of (1R,2S,2’S,5S)-9/EV71 
3CP. (B) Partial enlargement for (1R,2S,2’S,5S)-9/EV71 3C?"° 
complex at S1’ pocket. 


the solvent-accessible surface of 3CP™. The most important 
interactions between (1R,2S,2'S,5S)-9 and 3C?” are highlighted 
in this figure. Similar to the rupintrivir-liganded protease 
complex," the overall structure of the (1R,2S,2’S,5S)-9-bound 
form of EV71 3C?° adopts the typical chymotrypsin-like fold. 
The S, pocket is formed by Thr142, His161, Gly163, and 
Gly164. The (S)-6-lactam ring engages in two intermolecular 
hydrogen-bonding interactions with the side chain and the 
backbone of Thr142 as donors with distances of 3.1 and 2.7 A, 
respectively. Additionally, the NH proton of His161 forms a 
hydrogen bond (1.9 A), with the lone pair supplied by the (S)-6- 
lactam ring oxygen. The larger S, pocket is able to accommodate 
the more deeply sunk P, fragment. Arg39 is located at the back of 
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the S, pocket, forming a z—z stacking interaction with the P, 
benzene ring. The P, phenylethylene group occupies the S, 
pocket, with its phenyl ring extending vertically along the binding 
groove. The cyanohydrin occupies the S,’ pocket and is in close 
proximity to the protease catalytic center. Compared to a,f- 
unsaturated ethyl ester in rupintrivir, one of striking differences is 
that the cyanohydrin moiety of (1R,2S,2’S,5S)-9 interacts with 
Cys147. Neither —CN nor —OH form a hydrogen bond with the 
thiol of Cys147. However, because of the electron-withdrawing 
profile of -OH and —CN, the a-carbon of cyanohydrin exhibits 
electrophilicity to a certain extent, which forms a noncovalent 
interaction (2.8 A) with the thiol (Figure 3B). This specific 
binding element is critical for the cyanohydrin function. 
Furthermore, the —CN of cyanohydrin participates in a bridge 
with a tightly bound water molecule in the S,” pocket to stabilize 
the binding of the inhibitor—protein complex, and the nitrogen is 
within hydrogen-bonding distances of 2.5 and 2.3 A to the 
backbones of Gln146 and Cys147, respectively. The —OH of 
cyanohydrin interacts with His40 (2.3 A) as a hydrogen bond 
acceptor. Kinetic measurements were also performed. The 
inhibition of EV71 3C?" by 9 was independent of incubation 
time and competitive, with a K; of 0.77 uM (see Part C in SI). 
These observations were consistent with a reversible, non- 
covalent mechanism of inhibition. 

Further optimization of 9 led to the discovery of cyanohydrin 
16, which contained the P, para-fluorine benzyl group and P, 5- 
methylisoxazole fragment (Scheme 3). The docking models of 


Scheme 3. Synthetic Scheme of 16 
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(1S,2S,2'S,5S)-16 and (1R,2S,2'S,5S)-16 bound to EV71 3C?° 
(Figure 4) indicated that the introduction of para-fluoro benzyl 


Figure 4. Comparison between the docking models of (1$,2S,2'S,5S)- 
16 (purple) and (1R,2S,2’S,5S)-16 (green) bound to EV71 3C?”. 


influences the electron distribution of the S, pocket, thus 
enhancing the interaction with positively charged Arg39. 
Additionally, the P3-isoxazole could form hydrogen interactions 
with surrounding residues (Ser128, Leul27) of 3C™™°. There is an 
intramolecular hydrogen bond formed between the atoms on the 
skeleton structure. Indeed, as shown in Table 1, the epimeric 
mixture of cyanohydrins 16 exhibited better inhibition against 
EV71 3CP™ (IC; = 0.28 + 0.03 uM) than that of 9, which was 
consistent with 15% (IC<9 = 0.10 + 0.02 uM) that had more than 
5-fold improved inhibitory activity than that of 6. We next 
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separated the epimeric mixture of cyanohydrins 16 to 
(1S,2S,2'S,5S)-16 and (1R,2S,2’S,5S)-16. The absolute config- 
uration of the chiral carbon of cyanohydrin was determined by 
modified Mosher’s method” and further supported by 'H NMR 
and the calculated results of energy minimization by MOE (see 
Part B in SI). Epimerization of the chiral carbon of cyanohydrin 
only occurred at pH > 6.0 in Tris-HCl buffer, while no 
epimerization was observed at pH < 6.0 in buffer and other 
solvents (see Figures 20—23 in SI). To obtain the enzyme 
inhibitory activity of the pure isomers (1S,2S,2'S,5S)-16 and 
(1R,2S,2'S,5S)-16, the pH condition of biochemical assay was 
adjusted to 6.0, in which there should be no cyanohydrin 
epimerization (see Figure 24 in SI) and little impact was 
observed with the assay. Interestingly, (1S,2S,2’S,5S)-16 and 
(1R,2S,2'S,5S)-16 exhibited similar activities in protease and 
cellular assays. The interactions of (1S,2S,2'S,5S)-16/ 
(1R,2S,2'S,5S)-16 docked to EV71 3C™° could help to explain 
their unsubstantial difference in IC <9 values (0.31 + 0.03 vs 0.27 
+ 0.05 uM). As illustrated in Figure 4, in addition to the 
noncovalent bond between the a-carbon and the thiol in the S,’ 
pocket, (1S,2S,2’S,5S)-16 and (1R,2S,2’S,5S)-16 have almost 
the same interactive distances between the nitrogen of —CN and 
His40. Moreover, the corresponding distances between —OH 
and Gly145/Cys147 are 2.0 and 4.2 A in the (1S,2S,2’S,5S)-16 
model, respectively, compared to 2.2 and 3.1 A in the 
(1R,2S,2'S,5S)-16 model. However, although aldehyde 15 
presented a strong enzyme inhibitory potency compared to the 
corresponding cyanohydrin 16, improved antiviral activity of 16 
was observed in the cellular assay. The calculated log P value of 
16 (0.54) is 1.5-fold higher than that of aldehyde 15 (0.34). This 
could be the main factor that the cyanohydrin 16 could have 
better cellular penetration compared with the aldehyde 15 (ECs, 
= 0.11 + 0.05 uM). Further, aldehyde as a reactive functional 
group could react with various nuleophiles in the cell. Therefore, 
the aldehyde may be consumed by nucleophile in the cell that 
results in less exposure. In addition, the epimeric mixture of 
cyanohydrins 16 (EC = 0.056 + 0.004 uM), (1S,2S,2’S,5S)-16 
(ECso = 0.045 + 0.008 uM), and (1R,2S,2'S,5S)-16 (ECso = 
0.048 + 0.006 uM) exhibited equipotent antiviral activities in the 
cell-based assay. Compared with the reported inhibitor 1 with an 
aldehyde group (ECs) = 3.07 + 0.20 uM), cyanohydrin 
derivatives (1S,2S,2'S,5S)-16/(1R,2S,2'S,5S)-16 exhibited 
more than 80-fold higher antiviral activities. Additionally, 
favorable CC. values (CCo > 100 uM) were observed for all 
of the inhibitors in the in vitro cytotoxicity assay. 

Cyanohydrin derivatives are present in a number of natural 
products such as mandelonitrile,” cyanohydrin phosphonate,” 
and a-ketoglutarate cyanohydrin (a@-kgCN) in animals.” More 
importantly, cyanohydrin derivatives have been used as 
prescription drugs for treating asthma and proved to possess 
high potential in cancer chemotherapy.”*”” Because cyanogenic 
glycosides can potentially degrade into hydrogen cyanide in a 
process known as cyanogenesis,*” we focused more attention on 
the toxicity of the cyanohydrin derivative as an EV71 3C?° 
inhibitor. Compared to a LD. of 2.6 mg/kg for KCN?*! in mice 
via intravenous injection, the acute toxicokinetic behavior of 
(1R,2S,2'S,5S)-16 represented tolerated toxicity with a LD.» of 
96.5 mg/kg. 

Selectivity is one of the general issues for protease inhibitors, 
particularly those with reactive electrophiles such as aldehyde. 
We profiled selected inhibitors containing either cyanohydrin or 
aldehyde while keeping the rest of the structure constant against 
a list of proteases available to our research group. The inhibition 
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ratios of 15, (1S,2S,2'S,5S)-16, and (1R,2S,2’S,5S)-16 were 
determined against serine protease (human neutrophil elastase 
(HNE), human trypsin (hTrypsin), human chymotrypsin 
(hchymotrypsin), porcine pancreatic elastase (PPE), acetylcho- 
line esterase (AChE) and butyrylcholinesterase (BChE)) and 
cysteine protease (EV71 3CP™° and severe acute respiratory 
syndrome coronaviruses main protease (SARS CoV M?®)).°” As 
indicated by the results summarized in Figure 5, in contrast to the 


100 ams HNE 

s = GB hTrypsin 

`~ Œ hChymotrypsin 

$ b0 =m PPE 

3 @e AChE 

3 40 B BChE 

= EB EV713C"° 
ŒB SARS CoV M™° 


15 


(LS, 28, 2'S, 58)-16(1R, 2S, 2'S, 58)-16 


Figure 5. 15, (1S,28,2’S,5S)-16 and (1R,2S,2’S,5S)-16 (100 uM) 
protease inhibitory activities of HNE, hTrypsin, hChymotrypsin, PPE, 
AChE, BChE, EV71 3C?"°, and SARS CoV MP™. Vertical bars represent 
the standard deviation of each data point (n = 3). 


low selectivity of 15, (1S,2S,2’S,5S)-16 and (1R,2S,2'S,5S)-16 
both exhibited significantly high selectivities for EV71 3C?"° and 
SARS CoV MP" over other proteases. The selectivities of 
(1S,2S,2'S,5S)-16 and (1R,2S,2’S,5S)-16 are presumably related 
to the specificity of the cyanohydrin. Therefore, cyanohydrin 
potentially represents a good choice as an anchoring group for 
cysteine protease inhibitors because of its high selectivity and 
good inhibitory activity. 


mM CONCLUSIONS 


In conclusion, cyanohydrin derivatives as potent inhibitors of 
EV71 3C?" have been described. The cocrystal structure of 
cyanohydrin inhibitor and 3CP™° was resolved, and the 
interactions between the cyanohydrin group and 3C? were 
revealed. On the basis of the data analysis of the co-crystal 
structure, a number of potent EV71 3C?® inhibitors were 
discovered, and the antiviral efficacies of the inhibitors were 
significantly improved. Importantly, cyanohydrin as an anchor- 
ing group with high selectivity and excellent inhibitory activity 
provides a useful choice for cysteine protease inhibitors. 


E EXPERIMENTAL SECTION 


General. All reagents were purchased from commercial suppliers and 
used as received. NMR spectra were recorded on a Bruker AVANCE- 
400 (400 MHz) (Bruker, Karlsruhe, Germany) NMR spectrometer. 
Molecular mass was determined by ESI mass spectrometry using a 
Shimadzu LCMS-2020 (Shimadzu, Kyoto, Japan). Optical rotations 
were measured with an Insmark IP-120 automatic polarimeter (Insmark, 
Shanghai, China). Measurements were collected at 15 °C in DCM at 
589 nm. [@]p values are given in units of (deg x mL)/(g x dm). HRMS 
were recorded on a high-resolution ESI-FTICR mass spectrometer 
(Varian 7.0 T, Varian, USA). All tested compounds exhibited purities of 
>95% as analyzed by HPLC (Dionex UltiMate 3000, Germany). 

General Procedure for the Synthesis of Aldehydes (1, 6, and 15). 
Preparation of Aldehyde 6. To a solution of 5 (2.1 g, 4.7 mmol) in 
anhydrous DCM (30.0 mL) was added Dess—Martin reagent (3.0 g, 7.1 
mmol) slowly at 0 °C. Then, the reaction mixture was stirred at RT for 1 
h. A solution of NaHCO; and Na,S,O,; was added to quench the 
reaction. After 10 min, DCM (30.0 mL x 2) was added to extract the 
mixture. The organic phase was washed with brine (30 mL x 2), dried 
over Na,SO,, and concentrated, and the residue was purified by column 
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chromatography (DCM:MeOH, 35:1 v/v) to afford the pure product as 
a white solid 6 (1.70 g, 3.8 mmol, 81%); [@]p'° = —2.4 (c = 0.21 g/100 
mL, MeOH). 'H NMR (400 MHz, CDCL) ô: 9.22 (s, 1H), 7.48 (d, J = 
4.4 Hz, 2H), 7.42-7.17 (m, 9H), 6.47 (d, J = 15.6 Hz, 1H), 5.12—4.89 
(m, 1H), 4.33—4.20 (m, 1H), 3.35 (d, J = 11.7 Hz, 1H), 3.31-3.17 (m, 
3H), 2.23 (dt, J = 13.6, 6.8 Hz, 1H), 2.17—2.06 (m, 1H), 1.98 (s, 2H), 
1.91—1.83 (m, 1H), 1.69 (dd, J = 20.0, 11.4 Hz, 1H), 1.59-1.45 (m, 
1H). C NMR (100 MHz, CDCI,) ô: 200.15, 174.90, 171.91, 165.58, 
141.57, 136.42, 134.69, 129.82, 129.70, 129.58, 129.53, 128.82, 128.60, 
128.57, 127.88, 127.01, 120.31, 57.41, $4.27, 42.31, 38.82, 37.49, 30.79, 
27.53, 21.30. HRMS (ESMS): C,<HyN;NaO, (M + Na)* calcd, 
470.2050; found, 470.2052. 

Preparation of Nitrile 8. To a solution of 7 (1.77 g, 3.83 mmol) and 
Et;N (1.33 mL, 9.58 mmol) in 100 mL of anhydrous THF, 
trifluoroacetic acid anhydride (TFAA) (0.97 g, 4.60 mmol) was added 
dropwise at —S °C. The reaction mixture was stirred at 0 °C for 2 h and 
then partitioned between EtOAc and H,O. The organic phase was dried 
over Na,SO, and concentrated, and the residue was purified by column 
chromatography (DCM:MeOH, 35:1 v/v) to afford the pure product as 
a white solid 8 (1.51 g, 89%); [a]p" = —9.0 (c = 0.16, DCM). 'H NMR 
(400 MHz, DMSO-d,) 6: 7.55 (d, J = 7.0 Hz, 3H), 7.46-7.37 (m, 4H), 
7.28 (d, J = 4.2 Hz, 4H), 6.70 (d, J = 15.8 Hz, 1H), 5.04 (dd, J= 15.6, 7.9 
Hz, 1H), 4.59 (m, 1H), 3.06 (m, 3H), 2.87 (dd, J = 13.6, 9.5 Hz, 1H), 
2.29-2.16 (m, 2H), 1.78 (m, 3H), 1.65—1.51 (m, 1H), 1.40 (m, 1H). 
SC NMR (100 MHz, DMSO-d) 6: 172.48, 171.75, 165.33, 139.58, 
137.93, 135.23, 130.02, 129.59, 129.42, 128.64, 128.01, 126.91, 122.19, 
119.96, 116.99, 54.67, 41.55, 39.08, 37.88, 37.34, 34.48, 26.55, 21.63. 
HRMS (ESMS): C,gHsN,NaO; (M + Na)* calcd, 467.2054; found, 
467.2060. 

General Procedure for the Synthesis of Cyanohydrins (9 and 16): 
Preparation of Cyanohydrin 9. To a solution of 6 (500 mg, 1.1 mmol) 
in DCM (20 mL) was added saturated NaHSO, (149 mg, 1.4 mmol) 
solution. The mixture was stirred at RT for 0.5 h, and then an aq solution 
of KCN (86 mg, 1.3 mmol) was added. The mixture was stirred at RT for 
12 h. Then, the organic phase was collected and the aqueous layer was 
extracted with DCM (30 mL x 3). The combined organic phase was 
washed with brine (30 mL x 2), dried over Na,SO,, and concentrated, 
and the residue was purified by column chromatography (DCM:MeOH, 
33:1 v/v) to afford the pure product as a white solid 9 (480 mg, 1.01 
mmol, 92%). ‘H NMR (400 MHz, CDCI,) ô: 7.54 (d, J = 15.6 Hz, 1H), 
7.49-7.38 (m, 2H), 7.36—7.15 (m, 8H), 6.43 (d, J = 4.7 Hz, 1H), 4.96 
(dd, J = 13.9, 6.8 Hz, 1H), 4.57—4.46 (m, 1H), 4.23 (dd, J = 12.6, 9.2 Hz, 
1H), 3.29—3.05 (m, 4H), 2.24 (m, 2H), 2.03—1.90 (m, 1H), 1.86—1.70 
(m, 2H), 1.65 (dd, J = 12.8, 5.3 Hz, 1H), 1.44 (dd, J = 22.0, 11.3 Hz, 1H). 
13C NMR (100 MHz, CDCL) 6: 175.42, 172.86, 166.07, 141.67, 136.36, 
134.62, 129.83, 129.48, 128.80, 128.58, 127.92, 126.99, 120.23, 118.72, 
64.30, 54.57, 51.25, 42.25, 38.47, 31.50, 26.99, 21.15. HRMS (ESMS): 
Cy7H39N,NaO, (M + Na)* calcd, 497.2159; found, 497.2158. 

Cyanohydrin 16. 16 (94% yield) was purified by column 
chromatography (DCM: MeOH, 33:1 v/v) to afford the two pure 
products as white solids: (1S,2S,2’'S,5S)-16; 44% yield; [a]p® = 
—160.04 (c = 0.031 g/100 mL, DCM). 'H NMR (400 MHz, CDCI,) ô: 
8.60 (d, J = 6.8 Hz, 1H), 7.60 (d, J = 8.1 Hz, 1H), 7.21 (dd, J = 7.7, 5.7 
Hz, 2H), 6.96 (t, J = 8.5 Hz, 2H), 6.37 (s, 1H), 4.92 (q, J = 14.0, 7.1 Hz, 
1H), 4.54 (d, J = 2.9 Hz, 1H), 4.20 (m, 1H), 3.30 (m, 2H), 3.23 (dd, J = 
14.0, 5.8 Hz, 1H), 3.13 (dd, J = 14.0, 7.3 Hz, 1H), 2.46 (s, 3H), 2.28 (tt, J 
= 10.4, 5.1 Hz, 2H), 2.02 (dd, J = 8.4, 4.0 Hz, 1H), 1.87 (dd, J = 9.5, 4.1 
Hz, 1H), 1.79—1.62 (m, 2H), 1.54 (dd, J = 22.2, 11.0 Hz, 1H). °C NMR 
(100 MHz, CDCl) ô: 175.38, 172.32, 171.38, 161.97 (d, J c_p = 245.2 
Hz), 159.18, 158.14, 131.81 (d, J ¢_p = 3.0 Hz), 130.99 (d, J cp =7.9 
Hz), 118.26, 115.46 (d, J c_p = 21.2 Hz), 101.38, 65.06, 54.46, 52.22, 
42.29, 37.89, 37.52, 31.31, 27.26, 21.27, 12.31. HRMS (ESMS): 
Cy3H,<EN;NaO, (M + Na)* calcd, 494.1810; found, 494.1815. 
(1R,2S,2'S,5S)-16: 50% yield; [a]p” = —41.88 (c = 0.028 g/100 mL, 
DCM). 'H NMR (400 MHz, CDCL,) ô: 8.38 (d, J = 7.4 Hz, 1H), 7.61 
(d, J= 8.1 Hz, 1H), 7.23 (d, J = 7.2 Hz, 2H), 6.96 (t, J = 8.2 Hz, 2H), 6.35 
(s, 1H), 4.93 (q, J = 14.1, 7.0 Hz, 1H), 4.57 (d, J = 4.3 Hz, 1H), 4.24 (m, 
1H), 3.36—3.17 (m, 3H), 3.12 (dd, J = 14.0, 7.5 Hz, 1H), 3.29 (m, 2H), 
3.22 (dd, J = 13.7, 7.8 Hz, 1H), 3.12 (dd, J = 14.0, 7.5 Hz, 1H), 2.46 (s, 
3H), 2.36—2.14 (m, 2H), 2.10—1.97 (m, 1H), 1.77 (m, 3H), 1.51 (dd, J 
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= 21.8, 10.7 Hz, 1H). C NMR (100 MHz, CDCI) 6: 175.56, 172.00, 
171.32, 161.96 (d, J c_p = 245.0 Hz), 159.10, 158.18, 131.86 (d, J c-p = 
3.1 Hz), 131.01 (d, J c_p = 8.0 Hz), 118.62, 115.45 (d, J ¢_, = 21.3 Hz), 
101.38, 64.19, 54.51, 51.25, 42.31, 37.72, 37.64, 31.43, 26.95, 21.19, 
12.30. HRMS (ESMS): C,3H»6FN;NaO, (M + Na)* calcd, 494.1810; 
found, 494.1812. 

Preparation of a-Hydroxy Amide 10. 9 (379 mg, 0.80 mmol) was 
dissolved in a solution of 4 N HCl/EtOAc (4 mL) and MeOH (4 mL), 
and the mixture was refluxed for 16 h under a N2 atm. After 
concentrating, the residue was dissolved in DCM, washed with brine (30 
mL x 2), dried over Na,SO,, and concentrated. The obtained residue 
was dissolved in MeOH:H,O (150 mL, 25:3 v/v) at RT, and then LiOH 
(28.8 mg, 1.2 mmol) was added. After 1.5 h, the pH of the reaction 
mixture was adjusted to 3.0. The mixture was extracted with EtOAc (100 
mL x 3), and the organic phase was dried over Na,SO, and 
concentrated to afford the pure product as a white solid intermediate, 
which was engaged in an amide bond formation with propan-1-amine 
(56.74 mg, 0.96 mmol) to afford a white solid 10 (353 mg, 0.68 mmol, 
85% yield). 'H NMR (400 MHz, CDCl) ô: 7.54 (d, J = 15.7 Hz, 1H), 
7.44—7.38 (m, 2H), 7.30 (dd, J = 5.1, 1.4 Hz, 3H), 7.20—7.06 (m, 3H), 
6.91 (t, J = 8.6 Hz, 2H), 6.53 (d, J = 15.7 Hz, 1H), 5.44 (s, 1H), 4.95 (dd, 
J = 14.0, 6.4 Hz, 1H), 4.36—4.26 (m, 1H), 3.16 (m, 4H), 2.46—2.18 (m, 
1H), 2.10—1.98 (m, 1H), 1.98—1.86 (m, 1H), 1.71 (dd, J = 8.7, 4.0 Hz, 
1H), 1.64—1.32 (m, 6H), 1.26 (s, 1H), 0.88 (t, J = 7.4 Hz, 3H). C 
NMR (100 MHz, CDCI,) ô: 175.71, 172.22, 171.35, 166.03, 141.40, 
134.64, 132.54, 131.06, 130.98, 129.82, 128.81, 127.88, 120.45, 115.34, 
115.13, 74.20, 54.66, 53.46, 52.16, 42.31, 40.78, 38.11, 37.40, 30.75, 
29.71, 27.21, 22.80, 21.14, 11.40. HRMS (ESMS): C3H3gN30, (M + 
H)* calcd, 520.2806; found, 520.2810. 

a-Keto Amide 11. [a}p'° = —40.8 (c = 0.08 g/100 mL, DCM). 'H 
NMR (400 MHz, CDCI,) ô: 7.58 (d, J = 15.6 Hz, 1H), 7.46 (dd, J = 6.3, 
2.7 Hz, 2H), 7.39—7.31 (m, 3H), 7.19 (dd, J = 8.3, 5.5 Hz, 2H), 7.05 (t, J 
= 5.9 Hz, 1H), 6.94 (t, J = 8.6 Hz, 2H), 6.39 (d, J = 15.6 Hz, 1H), 5.29— 
5.22 (m, 1H), 5.03 (dd, J = 14.0, 6.1 Hz, 1H), 3.31-3.24 (m, 3H), 3.14 
(t, J = 6.5 Hz, 1H), 2.29 (m, 1H), 2.17—1.97 (m, 3H), 1.93—1.83 (m, 
1H), 1.79—1.68 (m, 1H), 1.64—1.50 (m, 3H), 1.25 (s, 2H), 0.94 (t, J = 
7.4 Hz, 3H). °C NMR (100 MHz, CDCI,) ô: 195.03, 175.00, 171.03, 
165.43, 159.49, 141.54, 134.65, 132.14, 131.24, 131.16, 129.83, 128.83, 
127.88, 120.24, 53.81, 53.57, 42.35, 38.57, 37.95, 32.62, 22.51, 21.59, 
11.37. HRMS (ESMS): CyH;N;NaO, (M + Na)* calcd, 540.2469; 
found, 540.2461. 

General Procedure for the Synthesis of Derivatized Cyanohydrins 
(12 and 13): Preparation of Derivatized Cyanohydrin 12. To a 
solution of 9 (237 mg, 0.5 mmol) in DCM (30 mL) was added DMAP 
(488.68 mg, 4.0 mmol) and phenyl chlorothionoformate (345.26 mg, 
2.0 mmol) under a N, atmosphere at 0 °C. The reaction mixture was 
stirred at RT for 2 h, poured into water, and extracted with DCM. The 
organic phase was washed with H,O, dried over Na,SO,, and 
concentrated, and the residue was purified by column chromatography 
(DCM:MeOH, 50:1 v/v) to afford the pure product as a yellow solid 12 
(289.8 mg, 0.48 mmol, 95%). 'H NMR (400 MHz, CDCI) ô: 7.59 (d, J 
= 15.6 Hz, 1H), 7.44 (dd, J = 10.9, 4.3 Hz, 4H), 7.34 (dd, J = 8.1, 5.5 Hz, 
5H), 7.31—7.28 (m, 3H), 7.13 (d, J = 7.8 Hz, 2H), 7.00 (d, J = 8.1 Hz, 
1H), 6.50 (d, J = 15.7 Hz, 1H), 5.77 (d, J = 4.7 Hz, 1H), 5.18 (dd, J = 
14.3, 6.7 Hz, 1H), 4.56—4.42 (m, 1H), 3.23 (tt, J = 13.7, 6.7 Hz, 4H), 
2.60 (td, J = 13.8, 3.2 Hz, 1H), 2.34 (t, J = 13.6 Hz, 1H), 2.10—1.97 (m, 
1H), 1.93-1.77 (m, 2H), 1.77—1.62 (m, 1H), 1.59—1.45 (m, 1H). °C 
NMR (100 MHz, CDCI;) 5: 192.60, 174.49, 172.72, 165.66, 153.41, 
141.48, 136.37, 134.70, 129.81, 129.46, 128.83, 128.72, 127.90, 127.15, 
127.10, 121.63, 120.39, 114.25, 71.08, 54.36, 48.60, 42.18, 38.96, 37.56, 
31.14, 26.98, 21.42. HRMS (ESMS): C,4H,,N,NaO.S (M + Na)’ calcd, 
633.2142; found, 633.2148. 

Preparation of Acetonitrile 14. To a solution of 12 (134 mg, 0.22 
mmol) in toluene (40 mL) was added tri-n-butyltinhydride (223.3 mg, 
0.77 mmol) and a catalytic amount of 2,2’-azobis(2-methylpropioni- 
trile) under a N, atmosphere. The reaction mixture was stirred under 
reflux for 1 h, cooled, and concentrated. The residue was purified by 
column chromatography (DCM:MeOH, 20:1 v/v) to afford the pure 
product as a white solid 14 (71.6 mg, 0.16 mmol, 71%); [a]p'° = -15.7 
(c= 0.15 g/100 mL, DCM). 'H NMR (400 MHz, CDCI) ô: 7.49 (d, J = 
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15.6 Hz, 1H), 7.38 (dd, J = 6.2, 2.6 Hz, 2H), 7.29-7.23 (m, 3H), 7.21— 
7.17 (m, 2H), 7.15 (t, J = 7.7 Hz, 3H), 6.39 (d, J = 15.6 Hz, 1H), 5.01 
(dd, J = 14.8, 6.9 Hz, 1H), 3.94 (m, 1H), 3.18 (s, 2H), 3.05 (m, 2H), 2.48 
(dd, J = 16.6, 4.0 Hz, 1H), 2.23—2.12 (m, 2H), 2.12—2.04 (m, 1H), 
1.95—1.82 (m, 1H), 1.80—1.67 (m, 1H), 1.66—1.47 (m, 2H), 1.36 (m, 
1H). °C NMR (100 MHz, CDCI,) ô: 174.65, 171.82, 165.52, 141.45, 
136.50, 134.69, 129.83, 129.53, 128.85, 128.53, 127.87, 126.99, 120.45, 
117.40, 54.07, 44.83, 42.19, 39.15, 37.94, 34.87, 27.13, 23.51, 21.52. 
HRMS (ESMS): C,HN,NaO, (M + Na)* calcd, 481.2210; found, 
481.2214. 

X-ray Co-crystal Structure of EV71 3C?° Complexed with (1R, 2S, 
2'S, 5S)-9. The inhibitor (1R,2S,2’S,5S)-9 was mixed with EV71 3CP"° 
at a molar ratio of 5:1, and the optimal crystallization of EV71 3CP™ was 
achieved by mixing 1.0 wL of protein with 1.0 uL of buffer containing 
100 mM Tris-HCl (pH 7.7), 200 mM sodium citrate, and 20% 
polyethylene glycol 3350 in a hanging-drop vapor diffusion system at 22 
°C. Crystals appeared and reached their final size within 5 days. The 
resulting crystals were soaked in reservoir solution containing 15% 
ethylene glycol as the cryoprotectant and flash-frozen in liquid nitrogen. 
The native data set of EV71 3C?° in complex with inhibitor was 
collected to 2.7 A resolution at beamline BL17U of the Shanghai 
Synchrotron Radiation Facility (SSRF) with a wavelength of 0.9789 A. 
The data were processed and scaled using the HKL2000 package.’ The 
space group was identified as C2, and one molecule was found per 
asymmetric unit. The complex structure was determined using 
PHENIX”* with the crystal structure of EV71 3C? (PDB code: 
3OSY) as the initial searching model. Manual model construction and 
refinement were performed using COOT* and PHENIX following 
rigid body refinement, energy minimization, and individual B-factor 
refinement. The quality of the final refined model was verified using the 
program PROCHECK.”* Data collection and the final model statistics 
are summarized in Table S1 of the SI. 
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